Leishmaniasis is one of the six major tropical diseases of developing countries, according to the World Health Organization (16) . Control of leishmaniasis in Central and South America is a difficult task because of the zoonotic features of transmission and the sylvatic nature of reservoirs and vectors. In this context, the development of a prophylactic vaccine is strongly desirable. One of the main reasons that an efficient vaccine has not yet emerged is the fact that, in the Americas, the disease is caused by at least eight different species of the genus Leishmania, each one with its own natural history, determinants of virulence, and pathogenesis, but many of these species have common areas of transmission (2, 15, 16, 29) . In this context, one might anticipate that to be effective against American leishmaniasis, the vaccine's components should be immunogenic and shared by different species and should present few polymorphisms.
The LACK (Leishmania homologue of receptors for activated C kinase) antigen is a 36-kDa protein expressed in promastigote and amastigote forms of different Leishmania species, including Leishmania amazonensis (7, 33) . The LACK amino acid sequence, including an immunodominant epitope located between amino acids 158 and 173, is highly conserved (31, 33) . Immunization of BALB/c mice with a truncated (24-kDa) version of LACK, delivered either as protein or DNA or as part of a multicomponent vaccine, confers protection against L. major infection (17, 18, 33) . However, no significant protection against L. donovani infection was observed (31) . A2 antigens were identified as an amastigote stage-specific protein family in L. donovani (6) . The A2 proteins are composed predominantly of multiple copies of a 10-amino-acid repeat, and depending on the number of repeats within each protein, the protein size may range from 45 to 100 kDa (38) . Karyotype analysis, performed with a panel of samples representative of different Leishmania species, revealed that A2 genes are conserved in species of the L. donovani complex and the L. mexicana complex (10) . Recently, it was demonstrated that immunization with A2, as protein or DNA, protects against L. donovani infection (13, 14) .
In this work, we have investigated the protective effect of vaccination with the recombinant LACK (rLACK) and recombinant A2 (rA2) proteins against L. amazonensis infection. Our findings demonstrated significant protection in mice immunized with rA2 but not in those immunized with rLACK. Protection was associated with the preferential and sustained induction of a Th1 immune response. Curiously, the association between rA2 and rLACK antigens in the same vaccine inhibited the protective effect of the rA2 antigen against L. amazonensis infection. Thus, we present evidence that A2 is a candidate antigen for a vaccine against American leishmaniasis.
supplemented with 20% fetal bovine serum. Each tissue homogenate was serially diluted in a 96-well Maxisorb plate (Nunc, Roskilde, Denmark). Samples, in duplicate, were incubated at 23°C. The wells containing motile promastigotes were identified with a microscope (Axiovert 25; Zeiss), and the number of viable parasites per milligram of tissue was determined from the highest dilution at which promastigotes had grown after 7 days of incubation.
Cytokine production assays. Splenocyte cultures and cytokine assays were performed as described previously (10) . Briefly, single-cell preparations from spleen tissue were plated in duplicate in 24-well plates (Nunc) at 2 ϫ 10 6 cells/ml. Cells were incubated in Dulbecco modified Eagle medium alone (background control) or separately stimulated with SLA from L. amazonensis (50 g), concanavalin A (positive control; 5 g), or recombinant proteins (10 g) at 37°C in 5% CO 2 for 48 h. Levels of gamma interferon (IFN-␥) and IL-4 in supernatants were assessed by sandwich enzyme-linked immunosorbent assay (ELISA) by using Inter Test mouse IFN-␥ and IL-4 (Pharmingen, San Diego, Calif.). IL-10 levels were measured by using the DuoSet ELISA development system (R&D Systems, Minneapolis, Minn.).
ELISA for parasite-specific IgG1 and IgG2a isotypes. Levels of parasitespecific immunoglobulin G1 (IgG1) and IgG2a were measured by ELISA as described elsewhere (8) . A titration curve was plotted to determine the best protein concentration and antibody dilution. In brief, 96-well plates were sensitized with rA2 or rLACK (250 ng/100 l/well) overnight at 4°C. Plates were blocked with PBS-10% bovine serum albumin at 37°C for 1 h and treated successively with 1:100 dilutions of mouse serum samples for 2 h at 37°C. Peroxidase-conjugated anti-mouse IgG1 or IgG2a isotype (Sigma) was diluted at 1:5,000 and added for 2 h at 37°C. Reactions were developed by incubation with H 2 O 2 and o-phenylenediamine. Optical densities were read at 492 nm with an optical density reader (model 2550; Bio-Rad, Richmond, Calif.).
Western blot analysis. Purified recombinant proteins (5 g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto nitrocellulose membranes (0.2-m pore size; Sigma) by Western blotting by using standard protocols (37) . Membranes were blocked with PBS-2% bovine serum albumin and incubated for 18 h at 37°C before the first incubation with a pool of sera collected from immunized mice after challenge infection and diluted 1:100 in PBS. Peroxidase-conjugated anti-mouse IgG (1:10,000; Sigma) or antirabbit IgG (1:20,000; Sigma) was used as a second antibody. Reactions were revealed by the addition of chloronaphthol, diaminobenzidine, and H 2 O 2 . The anti-A2 monoclonal antibody C9 (38) diluted 1:100 or a rabbit anti-rLACK polyclonal serum diluted 1:100 was used as a positive control.
Statistical analysis. All data comparisons were tested for significance by using unpaired Student's t test; P values of Ͻ0.05 were considered statistically significant.
RESULTS
Immunization with rA2, but not rLACK, confers protection against L. amazonensis infection in BALB/c mice. The protective effect of immunization with the proteins rLACK and rA2 against L. amazonensis infection in BALB/c mice was evaluated by measuring lesion development (Fig. 1A ) and parasite loads (Fig. 1B) in the infected footpads. No significant protection or reduction in parasite loads was observed in the animals immunized with rLACK-rIL-12, in spite of the fact that the same immunization protocol induced partial protection and a significant reduction in parasite loads (10 5 -fold) in BALB/c mice challenged with L. major. Similar results were observed with mice immunized with a LACK DNA vaccine (data not shown). In contrast, mice immunized with rA2-rIL-12 or SLArIL-12 showed a delay in both the onset and course of L. amazonensis infection, resulting in a significant decrease in edema levels in the infected footpads compared with those in the footpads of the control group. The reduction in lesion development observed in rA2-rIL-12-treated mice correlated with a 10 6 -fold decrease in parasite loads in the infected footpads compared to those in the footpads of the control group (Fig. 1B) . No significant differences were observed in lesion development rates among the groups immunized with rA2-
rIL-12 or SLA-rIL-12 adsorbed or not adsorbed to alum or among groups given different infective doses (10 6 or 10 5 L. amazonensis promastigotes). Immunization with the rA2 protein in the absence of rIL-12 did not induce protection against L. amazonensis infection (data not shown).
Simultaneous immunization with rLACK completely inhibits the protection induced by immunization with rA2 in L. amazonensis-infected mice. We next examined the effect of immunization with a combined rLACK-rA2-rIL-12 vaccine (Fig. 2) . In this experiment and as previously observed, immunization with rA2-rIL-12, but not with rLACK-rIL-12, induced significant protection, measured by either lesion development or parasite loads. Interestingly, in the animals immunized with the combined vaccine, the protection induced by rA2 was completely abolished ( Fig. 2A) . No significant differences in lesion development rates or parasite loads ( 12-and MBP-rA2-rIL-12-immunized mice. No significant protection was observed in animals immunized with MBP-rIL-12. In contrast, protection induced by rA2 was not inhibited in animals immunized with MBP-rA2-rIL-12 (data not shown).
Characterization of the humoral and cytokine (IFN-␥, ⌱L-4, and IL-10) responses in immunized animals. Since activation of a Th1 immune response and sustained IFN-␥ production are important requirements for protection against L. amazonensis infection, we analyzed the production of IFN-␥, IL-4, and IL-10 by spleen cells of immunized animals prior to (15 days after the second vaccine dose) and after challenge infection.
Prior to challenge infection, spleen cells taken from animals immunized with either rLACK-rIL-12 or rA2-rIL-12 produced, in response to each recombinant protein, high levels of IFN-␥ and very low levels of IL-4 and IL-10 (Fig. 3A) . Cells from rA2-rIL-12-immunized animals produced significantly higher levels of IFN-␥ than did splenocytes of rLACK-rIL-12-immunized animals. Thus, immunization with either rA2-rIL-12 or rLACK-rIL-12 primed the animals for an antigenspecific Th1 immune response. In contrast, in the animals immunized simultaneously with the two recombinant proteins, the strong IFN-␥ production induced by immunization with rA2-rIL-12 was almost completely inhibited. No significant differences were observed between the levels of IFN-␥, IL-4, and IL-10 produced by rLACK-stimulated cells from these animals and those produced by cells from rLACK-rIL-12-immunized animals. The high levels of IFN-␥ production observed after stimulation of spleen cells with rA2 were not suppressed in animals immunized with MBP-rA2-rIL-12 (Fig.  3A) . Also, no significant differences were detected in the levels of IL-4 and IL-10 produced by spleen cells of rA2-rIL-12-, rLACK-rA2-rIL-12-, or MBP-rA2-rIL-12-immunized animals when the cells were stimulated with rA2.
In spite of the high IFN-␥ levels detected in cultures of splenocytes from rLACK-immunized animals prior to challenge (Fig. 3A) , a decrease (approximately 10-fold) in the IFN-␥ production was observed after infection with L. amazonensis. Production of IFN-␥ from splenocyte cultures stimulated with either SLA or rLACK was significantly lower than that in rLACK-immunized animals before challenge and was comparable to that observed in nonimmunized animals. No significant differences were observed in IL-4 or IL-10 levels in response to rLACK or SLA in rLACK-rIL-12-immunized animals (Fig. 3B) . Consistent with this cytokine profile observed after the infection of mice immunized with rLACK-rIL-12, reduced levels of IFN-␥ were also observed in culture supernatants of rLACK-stimulated spleen cells from mice immunized with rLACK-rA2-rIL-12. Furthermore, the rA2-specific IFN-␥ production remained suppressed in these mice after challenge infection. This is in sharp contrast to the sustained IFN-␥ production in response to rLACK observed in rLACKimmunized animals after L. major (data not show) or L. donovani (31) challenge infection. SLA-or rLACK-stimulated splenocytes from mice immunized with SLA-rIL-12 produced significantly higher levels of IFN-␥ (data not shown) than splenocytes from rLACK-rIL-12-immunized animals. No significant differences were observed in IL-4 or IL-10 levels. In contrast, mice immunized with rA2 showed sustained and enhanced IFN-␥ production after L. amazonensis infection. Moreover, spleen cells from these mice produced high levels of IFN-␥ in response to either rA2 or SLA but undetectable levels of IL-4 or IL-10 in response to both antigens.
After challenge infection, a Western blot analysis (Fig. 4) FIG In contrast, rA2 (53 kDa) was recognized only by sera of rA2-rIL-12-immunized animals and not by sera of rLACKrA2-rIL-12-immunized animals. Thus, besides T-cell responses, immunization with rLACK also impaired the antibody response to rA2. Levels of IgG (isotypes 1 and 2a) were measured in sera of control and immunized animals before and after challenge infection (Fig. 5 ). This analysis revealed another striking difference between the two antigens studied. While immunization with rLACK-rIL-12 induced a strong humoral response (Fig.  5A ) characterized by significantly higher levels of anti-rLACK IgG2a antibodies, immunization with rA2-rIL-12 induced very low levels of both IgG1 and IgG2a antibodies. This same profile was observed in mice immunized with rLACK-rA2-rIL-12.
After infection, however, these profiles were significantly altered (Fig. 5B) . In rLACK-rIL-12-or rLACK-rA2-rIL-12-immunized mice, higher anti-rLACK IgG1 levels supplanted, significantly, the IgG2a levels observed before challenge. Levels of anti-rA2 or anti-SLA antibodies were significantly lower in LACK-rA2-rIL-12-immunized animals. Infected control mice showed significantly higher levels of anti-rLACK-or anti-SLA-specific IgG1 antibodies than of IgG2a antibodies. Increased levels of anti-rA2 IgG2a antibodies were detected in rA2-rIL-12-immunized animals compared to the levels detected prior to infection. In addition, in these mice, levels of anti-rA2-or anti-SLA-specific IgG2a antibodies were significantly higher than those of IgG1 antibodies. An antibody titration experiment, performed after infection, indicated that anti-rA2 antibody titers were 1:2,000 and 1:200 in rA2-rIL-12-and rLACK-rA2-rIL-12-immunized animals, respectively. In contrast, anti-rLACK antibody titers were 1:12,800 in rLACKimmunized animals. Consistent with the IgG data, the IgM levels were found to be undetectable for A2 and present for LACK in the first month after immunization of animals with rLACK-rA2-rIL-12 (data not shown).
DISCUSSION
L. amazonensis is one of the major etiologic agents of American leishmaniasis and is associated with a broad spectrum of diseases in humans, ranging from asymptomatic infection to the disfiguring forms of leishmaniasis or the potentially fatal visceral form of the disease (2). In addition, L. amazonensis has a broad distribution in the Americas which overlaps with the areas of occurrence of many other Leishmania species (15) . In an effort to identify candidate antigens for a defined vaccine applicable to such a complex epidemiological scenario, we have investigated the protective effect against L. amazonensis infection of two antigens, rLACK and rA2, which are expressed in L. amazonensis amastigotes (5, 33) as well as in those of other species (12, 31) .
Although immunization with either rA2 or rLACK induced a robust Th1 response prior to infection, BALB/c mice vaccinated with rA2-rIL-12, but not those vaccinated with rLACKrIL-12, were protected against L. amazonensis infection. The significant protection induced by the L. donovani rA2 protein against L. amazonensis infection was associated with high IFN-␥ levels and null IL-4 or IL-10 production. This finding is in agreement with those of previous reports, which showed that immunization with rA2 protein or DNA induces a specific IFN-␥ response and is protective against L. donovani infection (14, 15) . This is also consistent with the fact that production of high IFN-␥ levels, a surrogate marker of Th1 response, is critical for protection against these two species (1, 9, 21, 25, 28,  34) .
Immunization, or tolerization, of BALB/c mice with LACK induced protection against L. major infection. In fact, during L. major infection, depletion of LACK-reactive T cells in LACKtolerized mice diminishes the early IL-4 response, allowing the development of a protective Th1 response mediated by IL-12-dependent IFN-␥ production (23) . However, these mice were not protected against L. mexicana infection (36) . These findings led to the conclusion that T-cell responses to LACK do FIG. 5 . Levels of parasite-specific IgG isotypes in sera of immunized BALB/c mice prior to (A) and 2 months after (B) challenge infection with L. amazonensis. IgG1 and IgG2a levels were assessed by ELISA in sera, diluted 1:100, from control and immunized mice as described in Materials and Methods. Bars represent the averages, with error bars representing standard deviations, of levels determined for eight mice per group. Abs, absorbance.
not have an important role in L. mexicana infection. In our experiments, infection with L. amazonensis resulted in a significant alteration of the rLACK-specific immune response induced by immunization. We have observed that, in rLACKrIL-12-immunized mice, IFN-␥ levels were significantly decreased after L. amazonensis challenge infection. Curiously, in another study, immunization with LACK did not protect BALB/c mice against L. donovani infection, in spite of a sustained IFN-␥ antigen-specific recall response after challenge infection (31) . No significant differences were observed in IL-4 or IL-10 levels between rLACK-immunized and control infected animals or between animals before and after challenge. Thus, it seems that the down-regulation of the IFN-␥ response in LACK-immunized mice cannot be attributed to increased levels of IL-4 or IL-10. This is in agreement with the fact that LACK-tolerized mice were not protected against L. mexicana infection, despite the fact that their splenocytes secreted significantly less IL-4 than control, infected wild-type BALB/c mice (36) . Second, it has been previously shown that IL-4
and IL-10 Ϫ/Ϫ mice remain susceptible to L. amazonensis infection and that, apparently, these cytokines do not contribute to the IL-12 unresponsiveness and susceptibility to L. amazonensis infection (21, 22) . Suppression of the immune response to LACK, after infection with L. amazonensis, seems to be a more general phenomenon of parasite antigens. Thus, we also observed suppression of SLA-and A2-specific immune responses in unprotected mice with high loads of parasitism (those immunized with rLACK-rIL-12 and rLACK-rA2-rIL-12). These findings are in contrast with the immune response of protected mice that showed a strong IFN-␥ response to both rA2 and SLA.
Together, these data support previous observations indicating that the mechanisms underlying susceptibility to different Leishmania species are, in fact, widely distinct. Susceptibility to L. major infection is linked to a polarized Th2 response characterized by early IL-4 production and differential expression of the IL-12 receptor (19, 24, 27) . In contrast, IL-4 or IL-10 does not play a critical role in susceptibility to L. amazonensis infection (21, 22) . Susceptibility to L. amazonensis as well as to L. chagasi and L. donovani seems to be due to a failure to mount a Th1 response rather than to the development of a Th2 response (1, 20, 28, 31, 35) . Moreover, it has been shown that, in L. amazonensis infection, susceptibility is determined by an IL-4-independent inhibition of IL-12 responsiveness (21). In fact, administration of anti-IL-4 antibody to susceptible mice has no effect on L. amazonensis disease progression (1). Recently, it was reported that no significant bias toward any T-cell receptor-bearing CD4 ϩ cells is observed following L. amazonensis infection (20) . In addition, at different stages of infection, CD4
ϩ cells of draining lymph nodes contained comparable frequencies of Th1 and Th2 cells, which became, however, highly polarized to a Th2 phenotype after in vitro stimulation. These cells preferentially expressed V␣2, V␤4, or V␤8.1/V␤8.2 and displayed weak proliferative responses to the L. major LACK antigen or its dominant epitope.
Another striking difference between rLACK-and rA2-immunized animals was the humoral responses. Levels of antirA2 IgG1 or IgG2a antibody in the sera of rA2-immunized animals were lower than those of the rLACK-specific antibodies present in the sera of rLACK-immunized animals. The presence of anti-rA2 antibodies in rA2-immunized animals may have an important role in preventing amastigote internalization during L. amazonensis infection, as has been demonstrated in the case of L. donovani-challenged animals (14) . On the other hand, it is possible that the high antiparasite antibody titers observed in rLACK-immunized animals may have also contributed to disease progression in these animals. Antibodies may in fact have a deleterious role in L. amazonensis infection, since infection was impaired in the absence of circulating antibodies or in mice lacking the Fc receptors' common ␥ chain (26) . Furthermore, H-2 q syngeneic (Biozzi) mice with high and low antibody responses were shown to be susceptible and resistant, respectively, to L. amazonensis infection (30) .
An interesting finding of our study was the fact that simultaneous immunization with rLACK and rA2 inhibited the development of the rA2-specific cellular and humoral response. This is the first description, to our knowledge, of defined antigen interference in the development of a response to a vaccine against a parasite infection. One plausible explanation for this finding is the presence of an immunodominant epitope between the amino acid positions 158 and 173 of the rLACK antigen. This epitope is identical in all Leishmania species. It has been shown that, in L. major infection, this immunodominant epitope is recognized by IL-4-secreting, disease-promoting T cells that express a V␤4 ϩ /V␣8 ϩ T-cell receptor and that, after antigen presentation, undergo rapid clonal expansion (24, 27) . Besides IL-4, T cells recognizing LACK were shown to produce IL-10 in patients with American cutaneous leishmaniasis (3). After immunization with rLACK protein and rIL-12, CD4
ϩ cells are the main T-cell subset responsible for IFN-␥ production in L. major-and L. donovani-infected BALB/c mice. Protocols combining different Leishmania antigens, including LACK, have been tested against L. major infection, with favorable results (32) . It has been suggested by others (31) that, in cases in which immunization with LACK induces sustained IFN-␥ production, LACK could potentially contribute to the protective response generated by multicomponent vaccines. However, our data suggest that, through its immunodominant effect, LACK may considerably restrict the repertoire of T-cell effectors recognizing A2 or other nondominant antigens when these antigens are present in the same vaccine with LACK. This is an important aspect that should be considered in the development of a vaccine against Leishmania infection.
